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A B S T R A C TProduction costs in extensive and semi-intensive ﬁsh culture in earthen ponds are often too high to offer
sustainable economic activity due to the low productivity of these systems. The right combination of commercial
ﬁnﬁsh species with inorganic (primary producers) and organic extractive (bivalves) species in Integrated
MultiTrophic Aquaculture (IMTA) create a balanced system with higher proﬁtability and risk reduction. To achieve
this, it is crucial to understand the role of each functional groups within the system what we did by comparing
three different IMTA production three different IMTA production treatments with distinct combinations of
trophic levels:
 ﬁsh, ﬁlter feeders, phytoplankton and macroalgae,
 ﬁsh, ﬁlter feeders and phytoplankton
 ﬁsh, phytoplankton and macroalgaeDO
ht
22
crEach treatment was carried out in two similar ponds under semi-intensive conditions and ﬂow through system,
in a total of 6 earthen ponds of 500 m2 surface and depth of 1.5 m.
Results showed that the presence of oysters in the ponds enhanced water quality by decreasing turbidity and by
controlling phytoplankton which led to regulation of dissolved oxygen levels. The enhanced water quality in these
systems lead to improved ﬁsh performance and higher biomass production contributing to greater proﬁtability.
The combination of ﬁsh, oyster, phytoplankton and macroalgae was particularly good providing much more ﬁsh
supply compared with the other two treatments.I of original article: http://dx.doi.org/10.1016/j.aquaculture.2019.734297
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M.E. Cunha et al. / MethodsX 6 (2019) 2570–2576 2571 Oysters enhanced water quality in the ponds by decreasing turbidity and controlling phytoplankton which
regulated the dissolved oxygen levels.
 The enhanced water quality in systems with oysters improve ﬁsh performance resulting in higher biomass
production and greater proﬁtability.
 The combination of ﬁsh, oyster, phytoplankton and macroalgae was particularly good providing much more ﬁsh
supply compared with the other two treatments.© 2019 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Context
In the face of global climate change, the world is required to change the ways of conducting
economic activities and aquaculture is one of them. Fish, oyster and macroalgae integrated production
in earthen ponds is an improved system compared to the regular semi-intensive ﬁsh production since
marine bivalves and seaweeds are extractive species that can provide environmental beneﬁts by
removing waste materials, including waste from fed species, and lowering the nutrient load in the
water. The water quality in these systems becomes of higher quality, leading to better ﬁsh
performance and higher biomass production but also results in the reduction of energy needs,
resulting in greater proﬁtability.
To evaluate the role of each of three ﬁsh species belonging to different functional groups (a
carnivore, an omnivore and a deposit feeder), one ﬁlter feeder and two primary producers
(phytoplankton and macroalgae), three treatments (Fig. 1) were compared from 15, April 2016 to 29,
November 2016 at the Aquaculture Research Station (Estação Piloto de Piscicultura de Olhão, EPPO), of
the Portuguese Institute of Sea and Atmosphere (Instituto Português do Mar e Atmosfera, IPMA), south
Portugal (37 02N; 07 49W). The combinations in each treatment were as follow: Treatment 1 (T1)
ﬁsh + oysters + phytoplankton + macroalgae; Treatment 2 (T2) ﬁsh + oysters + phytoplankton; Treat-
ment 3 (T3 ﬁsh + phytoplankton + macroalgae (comparable to the regular earthen pond production)
(Fig. 1). The ﬁsh species were: a carnivore from trophic level 4.3 (meagre, Argyrosomus regius), an
omnivore from trophic level 3.4 (white seabream, Diplodus sargus) and a deposit feeder from trophic
level 2.5 (ﬂathead mullet, Mugil cephalus) [1]; a ﬁlter feeder (oyster Crassostrea gigas triploid) and
unknown number of organic extractive primary producer species (phytoplankton and macroalgae,
mainly Ulva spp.) that naturally developed in the ponds. Table 1 shows the number of ﬁshes
introduced in each of the ponds, considering the aim to obtain a ﬁnal density of 1.5 kg.m3 at the end of
the experiment (8 months) and the number and mean weight of oyster seeded in each T1 and T2 pond.
The results of these are presented in Cunha et al. [2].
Fig. 1. IMTA treatments in the study of the role of ﬁsh, oysters, phytoplankton and macroalgae.
Table 1
Initial zootechnical parameters of ﬁsh and oyster introduced in each earthen pond.
Species # /pond Mean weight (g) Mean total length (cm) Condition Index
Argyrosomus regius 1450 205  63 27  3 1.1  0.1
Diplodus sargus 850 52  19 14  1 1.7  0.5
Mugil cephalus 565 118  96 19  6 1.1  0.2
Crassostrea gigas 18,000 0.5  0.2 – –
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Earthen ponds at EPPO were operated in a semi-intensive system with continuous water renewal.
Water was pumped from a reservoir connected directly to Ria Formosa coastal lagoon into 6 ponds of
500 m2 and a mean depth of 1.5 m (Fig. 2). The water outlet, at the opposite side, was equipped with a
plastic net to avoid ﬁsh escapees and a sluice gate that controlled water level and drained into a
settling pond (Fig. 3). Water renewal was controlled according to water temperature and adjusted
every two weeks according to water temperature and ﬁsh growth using Table 2 as a guide. The ponds
were covered with anti-bird nets and equipped with automatic feeders (NR-A602 model, SINO-AQUA,
Taiwan) and air injectors (model FORCE7, AQUA&Co, Italy). All ponds had oxygen and temperature
probes (B&G SINERGIA, Italy) close to the water outlet for continuous monitoring. External aeration
worked whenever DO levels drop below 50 % and stopped at 70 % saturation. Working periods of the
air injector were automatically registered, together with DO and temperature measurements of the
probes. Automatic probes (temperature and DO), pumps, aerators, dead ﬁsh, feeders and water
renewal were checked daily, registered and rearranged when in need.
Fish farming and monitoring
Except for grey mullet juveniles, that had wild origin, all the other ﬁsh were produced at the EPPO
hatchery. Fish were introduced at the beginning of April (07/04/2016) and were regularly sampled for
length-weight measurements as a basis for determining/estimating their biomass in the pond and
therefore their daily feed rations. They were fed daily with a commercial diet (AQUASOJA, Portugal)
and Table 3 shows the main feed composition and ingredients. Feed pellet size started at 5 mm in April
7 and was upgraded to 7 mm after July 11. Feed ration (daily feed quantity given to ﬁsh) was adjusted
every two weeks according to ﬁsh mean weight and water temperature following Table 4. Fish were
monitored closely and regularly to determine the general condition of the stock. Individuals were rod
ﬁshed every week for observation of ectoparasites levels (prevalence and infestation). After being
Fig. 2. Aerial view of the Aquaculture Research Station (Estação Piloto de Piscicultura de Olhão, EPPO), south Portugal (37 02N;
07 49W) and location of earthen ponds with IMTA treatments (T1, T2, and T3). Arrows indicate water inlet and outlet; R - water
reservoir; S – settling pond.
Fig. 3. Equipment location in earthen ponds.
Table 2
Daily water renewal (% of pond volume) according to water temperature and daily feed quantity (EPPO, IPMA).
Feed day1 (kg)
Temperature (C)
align="left"
<10 10–20 20–30 30–40 40–50 >50
12 10 15 20 25 30 35
15 15 20 30 40 50 60
18 20 30 40 50 75 90
21 30 40 50 75 100 120
24 40 60 75 90 120 140
25 50 80 100 120 140 >160
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Table 3
Composition of the commercial diet.
Ingredients Proximate and mineral elements
Fish meal Crude protein, 42%
Transformed animal protein from farmed poultry Crude fat, 17%
Rapeseed meal Crude ash, 11%
Soy meal (peeled and toasted) Cellulose, 2.0%
Feather meal Calcium, 2.4%
Poultry fat Phosphorus, 1.5%
Fish oil Sodium, 0.3%
Pea starch
Blood meal
Carob germ
Brewer’s yeast
Table 4
Feed ration table for meagre (EPPO, IPMA).
Temperature (C) 12 15 18 21 24 26 28
Fish size (g)
50-100 0.4 1.5 2.0 3.0 3.4 3.8 4.0
100-150 0.4 1.2 1.6 2.4 2.8 3.0 3.2
150-200 0.4 1.1 1.5 2.0 2.6 2.8 3.0
200-250 0.4 1.0 1.4 1.6 2.0 2.6 2.8
250-300 0.3 0.8 1.1 1.6 1.8 2.0 2.4
300-350 0.3 0.8 1.1 1.6 1.8 2.0 2.2
350-400 0.3 0.8 1.1 1.6 1.8 2.0 2.2
400-450 0.2 0.8 1.1 1.6 1.8 2.0 2.2
450-500 0.2 0.8 1.0 1.6 1.8 2.0 2.0
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branchial arches from the left operculum in a stereo microscope (UB200i SERIES, Proiser, Spain),
after being euthanized by spinal cut close to the head [3]. Parasites were counted and identiﬁed to
species level whenever possible. When A. ocellatum trophonts were detected, a treatment with
copper sulphate at 250 ppm was used to avoid ﬁsh mortalities in the experiment [4]. Since oysters are
highly susceptible to copper sulphate at this concentration, with mortality occurring after 96 h of
exposure [5,6], they were placed in a quarantine pond with natural microalgae production until the
end of copper sulphate treatment to avoid mortality. Fish growth was determined by sampling 50–
100 individuals at the beginning of the experiment (end of March/beginning of April), July (meagre)
and at the end of the experiment (all species). Fish was collected with a seine net, and 100 individuals
were anesthetized in a 300l tank with pond water at 100 mg L-1 of phenoxyethanol and all
individuals were measured (total length in cm), weighed (total weight in g) and returned to the
corresponding pond.
Macroalgae farming
Macroalgae occur naturally in the ponds and the most abundant genus was Ulva. It is almost
impossible to avoid their growth in the ponds and to control the proliferation in treatment T2 ﬂoating
macroalgae were harvested manually with a ﬁshing net every week. In the ponds with treatment T1
and T3 the harvesting occurred every other week. After harvesting, the macroalgae were washed with
clean saltwater to remove most of the impurities and epibionts and weighed after being hand
squeezed. Macroalgae growing at the bottom was not removed to avoid disturbances to the system
(sediment resuspension and ﬁsh stress).
Fig. 4. Oyster mesh bags exposed to the air.
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Oysters were seeded at the middle of May (18 May 2016) in 5 mesh bags in each pond. They were
farmed in traditional oyster mesh bags, suspended close to the pond surface by polystyrene buoys
(boards of 50  60 cm) attached to a longline (Fig. 3). Oyster mesh bags were air exposed every week
for 24 h to avoid biofouling and to simulate tide effect by turning the buoys upside down (Fig. 4). This
was done manually with human intervention inside the pond which allowed for oyster inspection.
Oyster growth and mortality were monitored monthly by weighing 50 oysters from each of 5 bags
pond1 (n = 250 oyster pond1). Dead individuals in each bag were removed and counted to estimate
mortality for the whole stock as a cumulative % of dead oysters. Oysters were sorted and re-distributed
to new bags (one bag divided in two) whenever the mesh bag attained 8 Kg, or oyster volume was 80 %
of the mesh bag.
Water quality monitoring
Physical parameters (temperature, dissolved oxygen - DO, pH, salinity, turbidity) were measured
twice daily using a handheld multiprobe (model H9829, Hanna Instruments, EUA) between 8h30-
9h00 and 16h30-17h00. Water transparency (Secchi disk) was determined weekly in all ponds around
12h00.
Sixty-liter integrated water samples composed of inlet, middle and outlet water (20 L each) were
collected monthly for evaluation of nutrients (ammonia, nitrites, nitrates, phosphates and silica),
chlorophyll a and phaeopigments. The samples were immediately refrigerated and taken to the
laboratory where 250 mL of the water was ﬁltered for chlorophyll a and phaeopigments through
ﬁberglass ﬁlters (Whatman, 0,47 mm porosity) following Boyd [7]. Filters for pigments and nutrient
samples were kept at -20 C until analysis. Gross primary production was estimated using the light and
2576 M.E. Cunha et al. / MethodsX 6 (2019) 2570–2576dark bottle method for 2 h followed by oxygen Winkler titration. The conversion factor of released O2
during photosynthesis to Carbon was assumed to be 0.375 [8].
Chlorophyll_a was determined by spectrophotometry according to Lorenzen (1967) after 24 h
extraction in acetone (90 %). Ammonium (NH4+), nitrate (NO3), nitrite (NO2), silicon (Si (OH)4) and
phosphate (HPO42-) were analyzed using a “Skalar” autoanalyser according to the methodology
described in Grasshoff et al. [9]. At the end of the trail microalgae were identiﬁed and counted.
Samples were collected in each tank with a 10 L van Dorn bottle in 9 different points at 1 m depth and
homogenized in a 250 L conic container. Duplicate samples were collected in 1 L ﬂasks containing 5 mL
of acidiﬁed Lugol’s iodine solution for sample preservation. Counts were done in three replicates of
12.5 mL sub-samples using the sedimentation procedure [10] in 50 mL settling tubes for 24 h. Cells
were counted under an inverted microscope.
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